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Antibiotic resistance in bacteria may be induced, via exposure to antibiotics and in respond to 
stress conditions. Influent of wastewater treatment plant (WWTP) contains ARB/ARG and 
micropollutants, thus provide opportunities for gene transfers to generate antibiotic resistance 
bacteria. Whether or not processes applied in the WWTP induced the generation of ARB besides 
the exposure to antibiotics and other micro-pollutants in the wastewater remained inconclusive. 
First, ARGs were screened in wastewater samples from four WWTPs in Ishikawa and two 
WWTP in Sri Lanka and from previous studies. We found that qnrS, sul1, and β-lactam genes 
were detected in all WWTP. Second, we simulated sedimentation and aeration processes in lab 
experiments. We found that resistance to antibiotics was induced during the processes and it was 
higher in the aeration. Third, we investigated which factor(s) in the process that correlates to the 
induction. qnrS, sul1 and some stress-response genes expressions were estimated from samples 
of influent of primary sedimentation tank (PST), anaerobe and aeration process in a WWTP. 
Different factors correspond to the expression of qnrS and sul1 in each process, and that aeration 
exposes bacteria to more stresses that increased the expression qnrS and sul1 than in anaerobe 





As multi-drug resistance and new antibiotic resistance are emerge rapidly in many parts of the 
world, and new antibiotic discovery is scarce, more attention is directed towards limiting the 
spread of ARB and ARG of anthropogenic origin. Wastewater treatment plant can be regarded as 
a meeting place of varieties of bacteria carried within the wastewater of various origins. 
Wastewater of household, hospital, animal and food farm contains ARG/ARB.  Thus, WWTP is 
targeted to reduce the spread of ARG/ARB.  
Several studies have observed abundance of ARB and ARG from influent to effluent of WWTP 
(1-3), and as point source of ARB/ARG (e.g.(6–7). Also, depends on the origin of the 
wastewater, it may contains pollutants in trace amounts, such as antibiotics, biocides, detergent, 
pesticides, and heavy metals (11,12), endangering cell growth. Under certain conditions and of 
various reasons, bacteria may uptake or transfer foreign genes and incorporate the new genes 
into their genome, and further pass it on to their offspring. Close proximities of bacteria in 
WWTP increases the chance of gene transfer.   
During wastewater purification, some physical and chemical processes are applied in WWTP to 
remove biodegradable compounds. In sequence the processes are: primary sedimentation is 
applied to remove large organic particles by settling process; anaerobic process is applied to help 
the breakdown of organic compounds, thus reducing organic load for the more costly aerobic 
process; aerobic process is where more complete removal of organic compounds occurs; and 
secondary sedimentation tank to remove the excess bacterial growth; and disinfection to remove 
pathogenic bacteria. Aeration provides not only oxygen for bacterial growth, but also enhances 
mixing of sludge and raw water; increases the chance of ARB and ARG from the sludge and raw 
water to mingle. [13], [14]. Microbial richness in sludge is comparable as in soil. Furthermore, 
the mixing provided by aeration facilitates adsorption and desorption of pollutants, ARB, and 
ARG onto and off sludge, provides material and conditions for gene transfer. Disinfection by 
chlorination has been found to increase the proportion of resistant bacteria in effluent (13,14) and 
in drinking water (15), and was ineffective to reduce the number of antibiotic resistance gene 
(16).  Thus, WWTP is suspected as a ground for the generation and dissemination of antibiotic 
resistance bacteria.  
Previous studies on ARB and ARG in WWTP investigated the abundance of ARB/ARG in raw 
wastewater, effluent, and/or in different stages of purification process to infer the role of 
WWTPs in dissemination of ARB/ARG. The findings of these studies vary, from no change 
(17),  increased (18–21), to reduction in ARG (19,21–23) from influent to effluent. Thus, the role 
of WWTP in proliferation of ARG is still unclear; whether or not the proliferation of ARG 
because of microbial growth and gene exchanges, or induced by trace antibiotics (or other 
micropollutant) or by processes applied?  
In this thesis, I investigate if processes in WWTP induce antibiotic resistance, and if it does 
which particular processes that induce resistance. We designed experiments to answer these 
questions. This paper is structured as follows. Section 2 describes briefly of the experiment 




 We designed experiments to answer the research questions. First, we screen the presence and the 
types of antibiotic resistant genes in wastewater samples collected in four municipal wastewater 
treatment plants operating activated sludge process.  The wastewater samples were collected at 
the influent and effluent of the primary sediment tanks, mixed-liquor of aeration tank, return 
sludge, and effluent of the primary sedimentation tank. Second, we simulate processes in WWTP 
in a lab-scale experiment to see if antibiotic resistance can be induced in WWTP. Third, we 
measure the expression of antibiotic resistance in influent of primary sedimentation tank, mixed 
liquor of anaerobic tank and aerobic tank, and return sludge in real WWTP. 
In the first study, four WWTPs in Ishikawa prefecture were surveyed in April-May and 
September 2017 and two WWTPs in Sri Lanka in October 2017. WWTP J operates the 
conventional activated sludge process. WWTP D, M, and S operate anaerobic-aerobic activated 
sludge process. The WWTPs om Sri Lanka (SL1 & SL2) processed mixed raw water from 
municipal, industry, and road seepage. Samples were taken from the influent of primary 
sedimentation tank (Influent PST), anaerobic tank (An), mixed liquor of aeration tank (AS), 
return sludge (RS). For J WWTP, the samples were taken at Influent PST, AS, RS, and effluent 
of the secondary sedimentation tank (FST). Upon arrival in the laboratory, the samples were sub-
sampled for DNA extraction. extracted from the pellet using FastDNA spin kit for soil following 
the kit protocol (MP Biomedicals, LLC, Ohio, USA). DNA extracts were stored at -20 ˚C until 
PCR amplification. For SL1 and SL2, upon arrival in the laboratory, 2 mL of the samples were 
taken and let stand in the fridge until the supernatant looked clear. The supernatant was 
discarded, and the pellets were sent frozen to Japan for DNA extraction and PCR amplific 
Twelve genes encompass genes that confer resistance to five classes of  antibiotics mechanisms 
of action were amplified to the DNA extracts. The five types are inhibition of DNA gyrase: 
qnrB, qnrS, aac(6`)-1b, parC for fluoroquinolones; inhibition of cell-wall synthesis bla-CTX, bl-
TEM, bla-SHV, ampC for β-lactams, and vanA for vancomycin; inhibition of folate synthesis: 
sul1 for sulphonamides. Gene amplification was done in 30 cycles at with initial denaturation at 
95 ˚C for 3 min, denaturation at 30 s, annealing at optimum annealing temperature for 30 s, 
elongation at 72 ˚C for 1 min, and final elongation at 72 ˚C for 7 min. The reaction was done 
using the Applied Biosystems 2720 thermocycler. The primers sequences and annealing 
temperature (Ta) is listed in Table 1. The presence of antibiotic resistance genes on the PCR 
products were identified using the electrophoresis gel method. We used 2% w/v agarose to run 




Table 1 ARG Primers and annealing temperature. 




qnrS F: GCA AGT TCA TTG AAC AGG GT 428 54 
 
R: TCT AAA CCG TCG AGT TCG GCG 
  
qnrB F: GAT CGT GAA AGC CAG AAA GG 476 56 
 
R: ATG AGC AAC GAT GCC TGG TA 
  
aac(6`)-Ib F: TTG CGA TGC TCT ATG AGT GGC TA 482 55 
 
R: CTC GAA TGC CTG GCG TGT TT 
  
parC CTG AAT GCC AGC GCC AAA TT 168 
 
 
GCG AAC GAT TTC GGA TCG TC 
  
sulI F: CGCACCGGAAACATCGCTGCAC  163 69.5 
 
R: TGAAGTTCCGCCGCAAGGCTCG  
  








blaTEM F: TCG GGG AAA TGT GCG CG 972 55 
 
R: TGC TTA ATC AGT GAG GCA CC 
  
blaCMY F: ATG ATG AAA AAT CGT TAT GCT 1146 60 
 
R: TTA TTG CAG CTT TTC AAG AAT GCG 
  
blaSHV F: GGG TTA TTC TTA TTT GTC GC 615 45.1 
 
R: TTA GCG TTG CCA GTG CTC 
  
 
For the second study, Influent of the primary sedimentation tank, mixed liquor from the aeration 
tank (activated sludge) and effluent of the final sedimentation tank were collected from a 
municipal WWTP located in Kanazawa City, Japan. The conventional activated sludge process is 
used in this WWTP, which consists of primary sedimentation, aeration, secondary sedimentation, 
and then the treated water is subjected to chlorination. The samples for antibiotic analysis were 
stored in Schott bottles which were prepared beforehand according to EPA Method 1694 [20], 
while samples for induction experiments were stored in Schott bottles pre-sterilized by 
autoclaving at 121°C for 20 min. All samples were stored in the dark all the time and iced during 
transportation to the laboratory, and kept at 4°C before being used. . Extraction of antibiotics was 
done according to EPA Method 1694 [20]. 
We simulated the conditions of (1) nutrition, (2) retention time, (3) aeration and mixing in the 
primary sedimentation tank, aeration tank and final sedimentation tank. We conducted two 
experiments: (1) induction of resistance to amoxicillin under simulated conditions of the primary 
sedimentation tank, aeration tank and final sedimentation tank; and (2) induction of resistance to 
norfloxacin under simulated conditions of the primary sedimentation tank and the aeration tank. 
The strains were incubated in test tubes filled with autoclaved unfiltered water taken from the 
primary sedimentation tank, aeration tank and final sedimentation tank, respectively. Amoxicillin 
was added to the cultivation water to create a series of sub-inhibitory concentrations of 
  
amoxicillin at 0.1, 1, 10, 100 and 1,000 ng/L. In the second experiment exploring norfloxacin 
resistance induction, 16 strains susceptible to norfloxacin were used. The strains were incubated 
in test tubes filled with wastewater taken from the primary sedimentation tank and the aeration 
tank, respectively. Before using the wastewater for cultivation, we autoclaved and then filtered 
the water with 0.2 µm cellulose-acetate membrane (Advantec Toyo). In this experiment, we did 
not add any antibiotics to the cultivation water. The tubes were incubated at 25°C, which was the 
mean summer temperature inside tanks in the WWTP. For both experiments, to simulate the 
process in the primary sedimentation tank and the final sedimentation tank, the tubes were let 
stand vertically for one and two hours, respectively, while to simulate the aeration tank, the tubes 
were placed at a 25° angle in a shaker and were shaken at 225 rpm for 6 h. The minimum 
inhibitory concentration (MIC) towards amoxicillin or norfloxacin and the viable cell count were 
measured before and after the induction. We followed the cell counting protocol of Wiegand et 
al. [23], where before and after the induction. We calculated fold change in MIC and in viable 
cell count by taking the ratio of the measurement after induction (X1) to that before induction (X0, 
Eq. 1). We consider induction to occur when MIC increases by 2 or more levels from the MIC 
before induction, i.e. the fold change is ≥ 2, while for the viable cell count, a significant increase 
occurs when there is a change in cell count of ≥ 1 order of magnitude. 
In the third study, biological duplicate of wastewater samples were taken from the influent of the 
primary sedimentation tank (Influent PST), anaerobic tank (Anaerobic), and aerobic tank 
(Aerobic). On two sampling dates, samples were also taken from the return sludge (Return 
Sludge). Upon arrival in the laboratory, the samples were centrifuged at 10,000 rpm at 4 °C and 
the supernatant was removed. About ~120 mg of sample pellets were mixed with 2X DNA/RNA 
shield (ZymoResearch, USA). RNA and DNA were co-extracted from the mixture using 
RNA/DNA mini kit (R2002, ZymoResearch, USA). Reverse-transcription was done using 2500 
ng of total RNA in a final volume of 50 µL reaction.  PrimeScript
TM
 RT Master Mix (Perfect 
Real Time, RR036B, Takara inc. Japan) was used for the reverse-transcription. Gene expression 
was measured by qRT-PCR in Stratagene MX300P in 5 µL of SYBR green (Brilliant III Ultra-
Fast SYBR Green QPCR Master Mix with Low ROX, Agilent Technologies, USA). The genes 
that are used in this study are genes encode for resistance to quinolones drug, sulphonamides, 
qnrS and sul1, respectively; and genes that are known to correlate to the expression of qnrS and 
sul1 and have been found to be activated by stress factors generated by aeration. These correlated 
genes are: genes encode for efflux pump, acrA and tolC; genes encode for outer membrane 
porins, ompC and ompF; and genes encode for oxidative stress, oxyR and soxS. Gene expression 
was determined from the abundance of the copy number of target gene. The indicators that were 
used are: the ratio of the copy number of expressed target gene (RNA) to the copy number of 
available target gene (dna); The ratio of the copy number target gene relative to the active cell. 
i.e normalized to the copy number of expressed rpsL. 
3. Results and Discussions 
From experiment one, we found that out of nine genes tested, qnrS and sul1 were detected in 
most samples, including in samples from WWTP in Sri Lanka, and in both seasons. vanA and 
blaCMY were not detected at all in both seasons. In other studies, sul and tet genes were the 
most popular genes found in influent WWTP (4–8). This is not surprising as tetracyclines and 
sulfonamides are old antibiotics that have been used for long. Although sulfonamide are not used 
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anymore in human because of its toxicity, but it is still used in agriculture. In a study by Yang et 
al. in a WWTP in China which applied metagenomic technique to identify ARG, genes encode 
for resistance to aminoglycosides and tetracyclines are the most abundant genes, followed by 
sulfonamides (7). 
From experiment two, we found that in both induction experiments, either for increasing 
concentrations of amoxicillin, or in ambient concentration of norfloxacin, the aeration tank 
conditions showed the highest MIC increase. These results showed that resistance to both of the 
antibiotics we tested may be induced during process operations in WWTP, and the tendency of 
resistance to be expressed and/or to increase is more likely to happen in the aeration tank than in 
the primary sedimentation tank or in the final sedimentation tank. The conditions in the final 
sedimentation tank tend to cause no induction. However, further tests using more strains will be 
needed to generalize the results for the final sedimentation tank process, as we only tested two 
strains. 
Other triggers might affect induced resistance against antibiotics than the availability of 
antibiotics as all control treatments without addition of amoxicillin behaved similarly to 
treatments with addition of amoxicillin in terms of MIC change. We consider that one of the 
possible mechanisms to explain the antibiotic resistance induction in our results is the presence 
of intrinsic resistance. Another possible factor that could explain our result that the antibiotic 
resistance induction is more likely to happen in the aeration tank is oxidative stress. 
Overall, there was no clear pattern that we can deduce for the viable cell count after induction in 
both simulated processes as the cell number increased or decreased in an unpredictable manner 
(Fig. 1) 
In the third experiment, Although we found no differences in the expression of antibiotic 
resistance gene of qnrS and sul1 between anaerobic and aerobic processes, however, the relative 
expression of stress factor ompF and soxS were different between these two processes. ompF and 
ompC are upregulated in the case of nutrient starvation, and down-regulated to inhibit 
permeation of toxic pollutants (19,20). soxS regulates many gene related to stress factors, 
including efflux pump, micropollutants, and porins. SoxRS is activated by redox-cycling agent, 
such as fluoroquinolones (21). The fact that soxS relative expression to the available DNA was 
upregulated, and increased along processes, which reach up to two magnitudes higher in Aerobic 
compared to in Influent PST, and it was higher in Aerobic than in Anaerobic and Influent PST 
indicating that aeration did expose bacteria to higher stress than these two processes 
  
 
Figure 1 Plots of fold change MIC versus fold change viable cell count for induction experiment to 
norfloxacin in (a) primary sedimentation tank, (b) aeration tank. Fold change MIC≥2, induction 
occurs; Fold change viable cell count ≥1 order of magnitude, a change in cell count. 
 
. 
4.  Conclusions 
Our findings showed that induction for antibiotic resistance might happen during operation 
processes in WWTP, and the likelihood for this to occur is higher in the aeration tank than in the 
primary sedimentation tank. 
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